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NATIONAL ADVISORY COMMITTEE FOR AERORAUTICS

CONSTRUCTION OF WIRE STRAIN GAGES FOR ENGINE AFFLICATION

By J. Cary Nettles and Maurice Tucker
SUMMARY
Detailed instructions are given for winding, baking, and meunt-
ing a phenolic resin-impregnated, bobbin-type wire strain gage that
consiste of Advance wire wound around a paper form. A bilef des-

cription of some test equipment useful for establishing the merits
of the technlques used in gage construction has been included.

Gages of the bobbin type were found sultable for applicatlons
on internal-combustion engines lnasmuch as thelr performance was
satiefactory over a temperature range consldered ample for most
engine tests, thelr choracteristics were such that they were unaf-
fected by hot engine oll, and thelr construction was relatively
simple. The effect of gage length upon the straln-gage constant
of the hobbin-type strain gage was found to be negligible for gage
lengths greater than 3/8 inch,

INTRODUCTICN

Commerclally avallable wire straln gages are satisfactory for
use in most structural applications where high temperatures are not
encountered and where space limltations are not critlical, Strain
gages Intended for use on parts of internal-combustion engines in
operation must obviously be able to withstand high temperatures as
well as other adverse condltlons,

The performance of a wire strain gage in operation at high tem-
peratures 1s primarily determlned by the adhesive used for bonding
the wires in the gage and for attaching the caompleted gage to the
test plece, Extensive research has been done on adheslves for
straln-gage use at the Langley Memorial Aeronautical Laboratory.

On the basis of the data obtalned thus far, a thermosetting plenclio
resin cement, manufactured by the Bakelite Corporation and desig-
nated BC- 6055 was selected as belng most su.‘l.ta.ble for straln gages
in use at tempera.tures to 500° F. .

This paper willl desoribe the construction, appllcation, and test-
ing techniques for a phenolic resin-impregnated wire strain gage of
the bobbin type. This type of straln gage was developed at Langley




Memorial Aercnautlcal Laboratory, Langley Field, Va,, during the
spring of 1942 for use in the determinatlon of stresses in engine
parts under operating conditions,

CLASSIFICATION OF GAGE TYPES

Wire strain gages may be classified, on the basis of the winding
method used, as follows: spiral, grid, and bobbin types, Although
the authors have not made use of the splral-type gage, a brief dis-
cusslon of this type will be included,

Spiral t:mpe. - The spiral-type gage 1s used only on cylindrical
test pieces. The resistance wire 1s wound as a helix of small angle
aiound the outside surface of the test plece after the test plece has
been svitably insulated. In measurement of axial straln the spiral-
type gage does not achleve tie efficlency of the grid or bobbin types
because only a component of the lateral atrain, determined from
Poisson's ratio, can act to vary the pgage reslstance; the component
of the axial straln is considered nogligible,

The spiral-type gage can be effectively used for measuring tor-
slonal strains In cylindrical parts and for measuring internel pres-
sures 1n pipes.

Grid type. - The grid-type gage, originated by Mr. E. E. Simmons
of the Celifornia Institubte of Techrology and Frof, A. C. Ruge of the
Massachusetts Tnstitute of Technology, requires the useo of a pin Jig
for winding. Each of the NACA Jjigs, shown in figure 1, has two rows
of pins with a space between rows equal to the desired gago length.
Rice paper, folded under at oach end so as to fit betweon the rows of
pins, 1s used as a backing for the gago wires. The strain-gage wire
is looped about ocech pin, alternating between the pins of ocach row.
Aftor tho gage 1s comentod and baked, it 1s takon off the Jig and the
rice-paper folds are stralghtcned so as to extend past tho loops of
the wire grid. The loops aro cemented during the mounting of the
straln gage on the test pleco.

The grid-typo gage, constructed as indicated, has proved unsat-
isfactory because of 1ts rolative difficulty of construction, because
of frequont fallures In sorvice, and bocause of tho required altera-
tion of tho pin Jlg when a change of gage longth is needed.

Bobbin type. - The bobbin-type gagoe was developed by tho NACA to
avold the objections mentioned for the grld-typo gage. The bobbin-
type gago 18 of rugged constructlon and can bo wound olthoer by hand
or by machine. A strip of paper 1s cut to tho deosired dimonsions
and the gage wire wound about tho paper. It kas been found that a
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Gage 9/16 inch square, wound with sufficient turns to give a resist-
ance cf 500 olms 1s of convenient size. The over-all thickness of
‘the gage is approximately 0.010 inch, Changes. in gage length are
accomplished merely by varying the dimensions of the paper. Bobbin-
type geges may be constructed for application either to plane sur-
faces or to cylindrical surfaces and will be treated in detail in
the rest of this paper.

CONSTRUCTION OF BOBBIN-TYPE GAGES
Cemont Baking Cycle

" Bakelite cement BC-3035 » when thinned with ethyl alcohol, is
cured by the following baking cycle:

A, 1 hour at 1700 F
B, 2 hours at 2200 F

c. 212'- hours at 290° F

In step A tke solvent is evaporated, in step B the cement 1ls
given a preliminary cure, end in step C the cement 1s given its final
cure., Btep B is used to allow the cement to cure without buckling
of the page form, After thie cewent 1s completely cvred, tho bond is
strong, is reslstant to creep, and cannot be dissolved. A strain
gage mounted with Bakellite cement cannot be removed and wwed agaln,

Plane-Surface Gages

Kreft paper 0.003 inch thick is used as the gage form. The
papor is given a thin coat o*’ Bakelite cement and baked through
steps A and B of the cycle, The consequent stlffening of the paper
makas it owesitle to wind the wire, under temnslon, thout buckling
of the foom. After the tioated pa.per is cut to tho desired dimen-
sions and all roigh edges are sanded and rounded, the form is ready
to be weund.

A winding machine (fig. 1) has been developed by the WACA for
simplification of the winding process, The machine essentially con-
aists of two clamps gea. ~ed to rotate together; the gage form 1s held
between tho clamps. A gulde carried on a lead screw feeds the wire
and provides the desirad clearance between ad jJacent turns, Spacings
of 45, 20, or 180 turns per inch can be obtained by selection of the
proper lead screw,




After the wire has been wound on the gage form, the end turns of
the winding are run dlagonally from the body of the winding to the
enis of the gage form and temporarily secured., The body of the wind-
ing is coated wlth cement, and thin rag paper 1s placed over the top
and bottom surfaces of the winding as shown in figure 2(a), The gage
agsgembly ls clamped between two steel plates that are covered with
wax paper on the clamping surfaces to prevent the gage from sticking
to the platea. After the clemped assembly 1s subJected to steps A
and C of the baking cycle, the steel plates are removed. Step B of
the baking cycle 1s unnecessary because the clamping plates prevent
buckling of the winding,

The tabs, which are made of 100O-mesh brass screening, are timned
with lead solder before installation on the gage form. The exceas
turns extending past the uncemented portlon of the winding ars then
looped around the tabs as shown in figure 2(b) and soldered to the
tabs with lead, using Tin-Kwik flux, The soldered Joints are care-
fully washed with water to remove any excess flux,

The tabs are then coated with Bakelite cement and baked. Steps
A and C of the baking cycle are used. The cement penetrates the
meshes of the brass screening, glving a strong mechanical bond between
tab and gage form after baking, The portlons of the end turns on the
bottom surface of the gage are removed and the gage form 1s trimmed.
The straln gage 1s then ready for attachment to a test plece.

Bobbin-type straln gages constructed as indlcated, although
. primarily for use on planc surfaces, have been found usable on
surfacos of rolatively slight curvature,

Cylindrical-Surface Gages

Cylindrical-surface gages are wound in the same manner as plane-
surface gagos. Eloctrical insulating paper 0.005 inch 1n thicknoss
is used for the gage form, The length of tho form must be sufficilent
to cover the test soction and to allow for clamping, as shown in fig-
ure 3. The excoss gage wire 1s looped over the tabs and soldered to
the tabs with lead, The Torm carnot be stlffened by application of
Bakellte cemont because tho flsxibililty of the gage would bo dostroyed.
In order to irnsure that the gage form does not buckle during the wind-
ing proceas, the gage wire ls wound with less tenalon than that em-
ployed for wirdirng plane-surface gages. The strain gage is not
coatoed with Bakolite cement until Just before assembly on the test
plece.



Bpecial Types

. Severel types of speclal gage construction have been developed
for aspecific applicatlions; ~ - -

Torsion gages. - For measurement of torsional streins in ghafte
ing, the straln gage should be so located that the gage-element wires
are at an angle of 45° to the shaft axis. Inasmuch as the strain
gage 1s equally responsive to tensile or to compressive stralns, it
may be so mounted that the gage-element wires are parallel to either
of the 45° directions, With this requisite in mind, a gage form is
cut to the deslired dimensions and the gage wire wound at an angle
of 45° to the base line of the form. The strain gage is then com-
DPleted in the same manner as described for gages on plane or cylin-
drical surfaces, depending upon the diameter of the shaft under con-
slderation. A diagrammatic skstch of a torsion gage and 1ts mounting
position on a shaft are shown in figure 4.

Crosg-wire gages. - The prohblem of temperature compensation is
very lmportanc when steady strains are to be measured, The use of an
unstrained or d'mmy gage in a Wheatstone bridge as a substitute for a
steandard reslstor offers an effective solution to the problom; there
are times, however, whon thils method cannot be used. Reference 1
suggsaets stlll another aolution for the special case where unldirec-
tional stress ccnditlons exlst - tie gelf-compensating or cross-wire
gage. The gage, in effect, consists cf a standard wire strein gage
with another gage wound on the same form at rizght angles to the first
gage. Use of the gage as two amms of a Wheatstone bridge provides
temporature componsation inasmuch as temperature changes affecting
one winding must affect the other winding in a llke manner.

The outstanding advantages of the cross-irire gage are that less
space 18 needed than for the dummy gago and that its temperature com-
ponsation is usually the more effective of the two methods.

It was found necessary to subJect the first winding to parts A
and B of the basic baking cycle before starting the second wirding.
The defect listed for this type of gage in reference 1, that the gage
cannot be effectlvely cemontod in the lateral direction, can be reme-~
died by use of the techniques previously described. A diagrammatic
sketch of a cross-wire gage 1s shown in figure S5(a).

Strain rosettes. - A strain rosette is used for the determination
of the magnitude and direction of the principal stresses in an engine
part subjected to camplex loading conditions. The transition from
the cross-wire gage to the strain rosette 1s a logical one because the
rosette requires only one additional winding. Enameled Advance wire
1s used for the gage-element wires. As in the case of the cross-wire




gage, each winding 1s put through parts A and B of the baking cycle
before the next is added., Figure 5(b) shows a sketch of a 45°
strain rosette.

- .- INSTALLATION OF BOBBIN-TYPE GAGES

Bakelite cemsnt BC-6035 1s also used for attaching the strailn
gages to test plsces. This attachment necessitates the use of the
baking cycle. An electrlc oven ls used when gages are to be mounted
on gmall englne parts; local heating 1s ussd vkhen the engine part is
too large for an oven. ZIZlsctric-strip heaters attacked to corper
blocks that are fashlonad to fit the speciflc test surface offer a
simple yot effectlive methol of local heating.

Installation on Plane Surfaces

The engine part 1s cleanad with carbon tetrachloride to remove
any cil or grease. A thin coat of Bakellte cement is applied and
the etrain gege is placed in positicn. Layers of soft cardboard are
built up over tle gage as shown in figure 6 and a clamp 1s used to
holéd the assembly in place for baking., After steps A and C of the
baking cycle aie epplisd, the clcrp and cardboard eSrips are removed,
The strein gege 1s tiaen ready for use.

Installation on Cylindrical Surfaces

The procedure for mounting cylindrical-surface straln geges is
plmilar to that usged for mounsing plane-surface strain gages. The
engine part is cleaned with carbon tetrachloride end ccated with
Bakelite cement. The strain gage 18 glven 1ts flrst cecatlng of
cement, on voth top and bottom surfaces, and 1s placed betweon two
strips of thin porous peper. Thls assembly 1z wrapped around the
test pert and the ends are inserted into a clamp, as in figure 3,
The ends are pulled tightly to allow the strain gage to seat itself
to tke cylindrical surface,

The gage 1s then ready for the baking cycle in which steps A, B,
and C are applied., After completion of the baking, the clamp is
removed and the paper ends ere cus off flush wlth the surface. After
the soldered spots on each tab are scraped free of the cutside layer
of paper and the leads are soldered to the tebs, the gage is ready
for use.




TESTING OF BOBBIN-TYPE GAGES .
Gage Constants

The straln-gage consteant 1s arbltrarily defined as the raetio of
“unit-resistance change to unlt strain. The type of wire used for
the gage will determine the maximum value of the constant obtained,
"Reference 2 discusses the various types of wire that are avallable
for use in strain-gage constiuction. The authors of the present
paper found that Advance wilre, 0.001 and 0.0015 inch in dlameter,
glvea very satlsfactory results for engine applicatioms.

TFor a glven type of wire the gage length, measured along the
gago-element vwires, may have an appreciable effect upon the gage
constant (fig. 7). Those data were obtained from 30 gages mounted
on steel heams of l-inch square section that were loaded in bending
as overhanging heams.

The pcrtion of ths winding taken up by the bends In the gage~
element wires is practically umaffected by strain and tends to lower
tlhe gage constant, The percontage of the total length of the gage
winding taken up by these bends will increase am the gage length 1s
decreased.

Strain-Gage Test Equipment

Although the list of equipment necegsary for effectlive straln-
gage work ls almost an endless one, certaln baslc apparatus can be
used to perform most of the tests required. The equipment described
will be limited to apparatus fourd essential for preliminary testing
and for establishing the merits of the techniques used in gage
construction,

NACA strain-gage bridge (fig. 8). ~ A standard Wheatstone bridge
can be used to measure gage-roslstance Increments due to strain., It
was found advisable, however, to make certain alterations that expe-
dited straln-gage testing. A schematic wiring dlagram of a bridge
that was found very convenient is shown in figure 9. The bridge was
designed to enable either a single-winding gage or & cross-wire gage
to bo tested. Single-winding gages are comnected to terminals A and
B; cross-wire gages are oconnocted to terminals A, B, and D, The
bridge gage Rz, which 1s mounted on a cantllever bar inside the bridge
box, is temperature-compensated by a dummy gzge Rs4.

The resistance of Rz may be smoothly varied by -tu:ming the straine
dial head on the micrometer screw that deflects the cantllever beanm,
The strain-diel head is calidrated in microinches per inch, With the




bridge in balance and the test gage R} wnstrained, application of
strain to the test gage will unbalance the bridge, The bridge can
be rebalanced by varylng the resistance of Rz. The increment of
strain, read on the strain-dlal head, corresponds to the strain
that changes the resistance of the test gage R;. This relation
is true regardless of the lnitial resistance of the test gage Rj
inasmuch as a percentage change in the resistance of Ry can always
be balanced by an equal percentege change in the resistance of Rz.
A decade reslstance unit R5 is used elther as the fourth arm of
the bridge when single-winding gages are tested or as a balancing
resistor when a cross-wire gage is tested,

Static-load beam. - The static-load beam (fig. 10) 1s used pri-
marily i'or the application of known strains in the determination of
strain-gage constants. The apparatus consists of an overhanging
beam and a loading system., The bending moment along any sectlon of
the beam between supports 1s necessarily constant and thus facili-
tates the testing of several gages mounted on one test bar. An
electric furnace may be used in conjunction with the static-~load
beanm for temperature tests of strain gages under statlic load.

Dynamic calibrator, - The dynamic calibrator (fig. 11l) was
developed by the NACA for determination of strain-gage character-
istlcs under dynamic loadings., The strain gage 1s mounted on a
cantilever beam which, 1f desired, may be enclosed by an electric
furnace. The amplitude of the cantilever-beam deflection can be
varied by means of a double-eccentric cam. A cholce of four de-
flection frequencles is provided by use of stepped pulleys.

Strain-Gage Temperature Tests

Bobbin-type strain gages constructed as described 1n this
paper were tested for performance under dynamic-straln loadings
over a temperature range considered ample for most engine applica-
tlions, Figure 12 shows the peorcentage variation of the dynamic-
signal voltage at various gage temperatures for an Advance-wirs
straln gage subJected to a dynamic strain of constant amplitude
and frequency. The circult used was a dlrect-current excitation
system, The dynamic-psignal voltage was found to have decreased
less than 5 percent at a temperature of 500° F. Changes in elastic
properties of the test bar due to test conditions (nonuniform heat-
ing of the test bar along its length) may have contributed to the
decrease in gage-signal output at the higher temperatures, It
should be noted that the lead used as solder was probably boegin-
ning to flow at the higher test temperatures.
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Tests wore also made to determine the effect of hot engine oll
upon strein-gage performance., For these tests a wire strain-gage
was tested on the static-loed beam and then coampletely immersed in
oil that was maintained at a temperature of 250° F. After immersion
for 66 hours the strain gage was again tested on the static-lodd
beam, ZExposure to engine oll at thip temperature was fourd to have
no effect upon the characterilstics of the straln gage.

CONCLUSIONS

The following conclusions apply to Bakelite-impregnated
Advence-wire straln gapes made and tested as described:

l. The gages were found to be relatlvely easy to construct.

2. The gages were not affected by hot englne oll,

3. The dynamic perfoirmance of the strain gages was only
sllightly affected by temperatures over a temperature range con-
sldered emple for most engine aprlications,

4. The effect of game length upon the straln-gage constant
was found to he negligltle for gage lengths greater than 5/8 inch.

Alrcraft Engline Research Latoratory,
National Ldvieor, Comralttee for Aeromautics,
Cleveland, Ohio,
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NACA Fig. 1

Figure 1.- Pin jigs and winding machine.




NACA Fig, 2
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NACA Figs. 3,4
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Fig. 9
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 Figure 9.-~ Schematic circuit diagram of “the NACA strain-gege bridge.
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